Abstract We report the characterization of the molecular properties and EPR studies of a new formate dehydrogenase (FDH) from the sulfate-reducing organism Desulfovibrio alaskensis NCIMB 13491. FDHs are enzymes that catalyze the two-electron oxidation of formate to carbon dioxide in several aerobic and anaerobic organisms. D. alaskensis FDH is a heterodimeric protein with a molecular weight of 126±2 kDa composed of two subunits, a=93±3 kDa and b=32±2 kDa, which contains 6±1 Fe/molecule, 0.4±0.1 Mo/molecule, 0.3±0.1 W/molecule, and 1.3±0.1 guanine monophosphate nucleotides. The UV-vis absorption spectrum of D. alaskensis FDH is typical of an iron-sulfur protein with a broad band around 400 nm. Variable-temperature EPR studies performed on reduced samples of D. alaskensis FDH showed the presence of signals associated with the different paramagnetic centers of D. alaskensis FDH. Three rhombic signals having g-values and relaxation behavior characteristic of [4Fe-4S] clusters were observed in the 5-40 K temperature range. Two EPR signals with all the g-values less than two, which accounted for less than 0.1 spin/protein, typical of mononuclear Mo(V) and W(V), respectively, were observed. The signal associated with the W(V) ion has a larger deviation from the free electron g-value, as expected for tungsten in a d 1 configuration, albeit with an unusual relaxation behavior. The EPR parameters of the Mo(V) signal are within the range of values typically found for the slow-type signal observed in several Mo-containing proteins belonging to the xanthine oxidase family of enzymes. Mo(V) resonances are split at temperatures below 50 K by magnetic coupling with one of the Fe/S clusters. The analysis of the inter-center magnetic interaction allowed us to assign the EPR-distinguishable iron-sulfur clusters with those seen in the crystal structure of a homologous enzyme.
Incorporation of either molybdenum or tungsten into formate dehydrogenase from Desulfovibrio alaskensis NCIMB 13491; EPR assignment of the proximal iron-sulfur cluster to the pterin cofactor in formate dehydrogenases from sulfate-reducing bacteria Introduction Molybdenum-and tungsten-containing enzymes are a wide group of proteins present in several living systems that participate in hydroxylation and oxo-transfer reactions. With the exception of nitrogenase, the metal ion is associated with either one or two pterin derivatives to form a metallic cofactor (hereafter called pterin cofactor) [1, 2, 3] . Most of the proteins studied so far contain molybdenum in their active sites, though in the last two years the number of proteins having tungsten has considerably increased. Tungstoproteins are usually found in thermophilic organisms that grow in extreme environments. However, the number of reports of tungstoproteins from other sources has considerably increased in recent years [4, 5] .
We have reported the characterization of two formate dehydrogenases (FDHs) from the sulfate-reducing bacteria (SRB) Desulfovibrio desulfuricans ATCC 27774 [6, 7] and Desulfovibrio gigas [4, 8, 9 ] that belong to the DMSO reductase family (DMSO=dimethyl sulfoxide). FDHs catalyze the two-electron oxidation of formate to carbon dioxide. D. desulfuricans FDH contains molybdenum at the pterin cofactor whereas the one from D. gigas contains tungsten. D. desulfuricans FDH presents a heterotrimeric structure (a=88 kDa, b=29 kDa, and c=16 kDa), whereas D. gigas FDH is heterodimeric (a=92 kDa and b=29 kDa). The crystal structure of D. gigas FDH revealed that besides the pterin cofactor, four iron-sulfur clusters of the [4Fe-4S] type are present (Fe/S I, II, III, and IV), one of them being 14.4 Å from the pterin cofactor (proximal center). The larger subunit of this enzyme contains the pterin cofactor and the proximal iron-sulfur cluster. The smaller subunit contains the remaining three iron-sulfur clusters. The four iron-sulfur centers are along a ''ziz-zag'' line separated from each other by $10 Å . The larger subunit of the D. gigas FDH is homologous to the periplasmic nitrate reductase (NAP) from D. desulfuricans [10] and the FDH-H from Escherichia coli [11] . Furthermore, all the evidence obtained up to the present suggests that D. gigas FDH presents a high homology with the recently reported W-containing FDH-2 from S. fumaroxidans [5] and with the two larger subunits present in D. desulfuricans FDH [6] .
The presence of iron-sulfur clusters of the type [4Fe-4S] in both D. gigas and D. desulfuricans has been shown by EPR and Mo¨ssbauer spectroscopies [4, 6, 8] . EPR studies performed on both enzymes in the dithionite-reduced state showed two types of EPR signals. The Fe/S I EPR signal appears below 70 K and shows no broadening below 40 K. The other one, which is identified as Fe/S II, appears below 30 K and shows much broader resonance lines. It was suggested that the remaining iron-sulfur centers present both EPR and Mo¨ssbauer properties similar to Fe/S I and II, but additional work should be performed to confirm this hypothesis [8] . The EPR properties of the Fe/S I center evaluated in FDHs from SRB are similar to those observed in NAP [12] and E. coli FDH [13] . On this basis, this center should be the center present in the larger subunit of these enzymes, but no spectroscopic evidence has been shown so far.
We report herein the characterization of the molecular properties and EPR studies performed on a FDH obtained from D. alaskensis NCIMB 13491, a SRB involved in metal corrosion [14] . D. alaskensis FDH is closely related to the W-containing D. gigas FDH. However, metal quantification and EPR studies indicate that the enzyme is a mixture of two forms, each containing either a mononuclear Mo site or a mononuclear W site. Furthermore, the Mo site is magnetically coupled to one of the iron-sulfur clusters. The results obtained for this protein are discussed in comparison with other W-and Mo-containing proteins.4
Materials and methods
Growth conditions, protein purification, and enzymatic activity D. alaskensis NCIMB 13491 was grown at 37°C in Postgate C medium [15] under anaerobic conditions in the Unite´de Fermentation at LBC-CNRS in Marseille, France, and cells were harvested at the logarithmic/early stationary phase of bacterial growth. In general, the growth media used for biomass production of SRB intended for protein isolation includes a metal supplement. In this experiment a more basic medium was used for the cell growth. It contained a large amount of iron (140 lM) but only trace amounts of all other metals (added mainly as contaminants by the various medium components, in particular yeast extract). This medium was chosen because it mimics better the natural growth conditions experienced by SRB in their natural habitats, where nutrient sources are often scarce [14] .
All extraction and purification procedures were performed aerobically at 4°C and pH 7.6 with reagent grade or higher. The pellet of cells (265 g wet weight) was suspended in 10 mM Tris-HCl buffer. Deoxyribonuclease and ribonuclease were added to lower the viscosity. A cell-free extract was obtained by centrifugation of the cellular suspension at 5000·g for 40 min and the supernatant (300 mL), containing mostly the periplasmic proteins, was collected. To remove any membrane contamination, the supernatant was spun at 180,000·g for 1 h. The periplasmic fraction (300 mL), initially with 381 total units (U), was loaded onto an anion exchange column (DEAE-52 cellulose, Whatman 6·32.5 cm) equilibrated with 10 mM Tris-HCl. The column was eluted with a linear gradient (0.01-0.60 M) of the same buffer with a total volume of 2 L. The enzyme, with 122 U and a specific activity of 0.13 U mg )1 and a yield of 32%, was found in the fraction eluted at $200 mM Tris-HCl. This fraction was then dialyzed against Millipore water and applied to an anionic exchange column (Source 15, Pharmacia 2.7·20 cm). The proteins were eluted using a Tris-HCl buffer gradient (0.01-0.50 M); the fraction that mainly contained FDH activity was collected at $200 mM ionic strength and its specific activity was 1.63 U mg )1
(82 U and a yield of 22%). The ionic strength of this fraction was decreased adding Millipore water. The next and final step was performed on a Source-Q column, using a Tris-HCl buffer gradient (0.01-0.50 M). The enzyme was found to be pure with 38.1 U, a specific activity=3.51 U mg )1 and a final yield of 10%. The FDH activity assay was performed with formate as substrate and benzyl viologen as electron acceptor. A standard optical assay of FDH was performed at room temperature under an argon atmosphere, by monitoring the benzyl viologen reduction at 555 nm (=12 mM
), as described elsewhere [6] . One unit of FDH activity was defined as the amount of enzyme catalyzing the reduction of 2 lmol of benzyl viologen/min.
Molecular mass determination
Molecular mass of the purified protein was determined by gel filtration chromatography using a Superdex 200 column 10/30 HR (Pharmacia) connected to an HPLC system (Jasco PU-980). The elution buffer was 100 mM Tris-HCl (pH 7.6) containing 150 mM NaCl and the proteins used as size markers were: ribonuclease A (13.7 kDa), chymotrypsinogen A (25 kDa), ovalbumin (43 kDa), bovine serum albumin (67 kDa), aldolase (158 kDa), catalase (232 kDa), and ferritin (440 kDa), from Pharmacia Biotech. Subunit composition was determined by SDS-PAGE at 12.5% using the Pharmacia low molecular mass kit as standard for calibration. Gels were stained with Coomassie brilliant blue G-250 (Merck).
Protein and metals quantification
Protein concentration was determined by the Lowry method using bovine serum albumin as standard [16] . The quantification of tungsten, molybdenum, and iron was performed by inductively coupled plasma emission analysis.
Analysis of pterin nucleotides
Nucleotides were extracted from D. alaskensis FDH by a previously published procedure [17, 18] . Cofactor extraction was performed with sulfuric acid (3% v/v) for 10 min at 95°C, with subsequent centrifugation in a microcentrifuge for 5 min at 10,000 rpm. Chromatography analysis was carried out using a Merck L-7100 HPLC equipped with a L-7100 UV detector and D-7000 computer interface. Hydrolyzed nucleotide peak areas were quantified at 254 nm. Ammonium acetate (HPLC grade) (50 mM, pH 6.8) was used as eluent at a flow rate of 1 mL min )1 , using a Merck LiChorspher 100 (250·4) RP-18e, 4 lm column. Quantitative determinations were performed with an injection loop volume of 50 lL from extracted nucleotides and fresh solutions of mononucleotides (Sigma) submitted to identical acid/heating treatment.
Spectroscopic methods
The UV-visible optical spectrum of the as-isolated enzyme was recorded on a Shimadzu UV-2101 PC split-beam spectrophotometer using 1 cm quartz cells. Variable-temperature EPR measurements at X-band were performed on a Bruker EMX spectrometer equipped with a dual-mode cavity (model ER 4116DM) and an Oxford Instruments continuous flow cryostat. Spin quantification was performed under non-saturating conditions using Cu-EDTA as standard. EPR spectra were simulated using either WINEPR Simfonia v.1.25 from Bruker Instruments, or a home-made program described below. For the spectra showing overlapping EPR signals, the signals associated with each center were separately simulated, normalized by double integration, and then added altogether in different proportions until best agreement was obtained between experimental and simulated data. The temperature variation of the spectra associated with Mo(V) species were simulated using a home-made program based on the formalism WBR (Wangenesst, Bloch, and Redfield) for a dimer of two S=1/2 ions [19] . This program solves the components of the density matrix required to calculate the imaginary part of v¢¢(x) (dynamic susceptibility) and takes the elements of the relaxation matrix as semi-empirical parameters (T 1 and T 2 ) for each center [20] .
Results and discussion

Molecular properties
D. alaskensis FDH is a periplasmic enzyme which was purified and stored in aerobic conditions like FDHs from D. gigas and D. desulfuricans. The UV-vis absorption spectrum of D. alaskensis FDH is identical to that of the D. gigas FDH [4] . The spectrum exhibits a shoulder at 320 nm and a broad absorbance band around 400 nm, as usually found in proteins having [4Fe-4S] clusters. Molecular mass determination showed a single symmetrical elution peak corresponding to a molecular mass of 126±2 kDa. Two bands with molecular weights of 93±3 kDa and 32±2 kDa were observed under denaturing conditions (SDS-PAGE). D. alaskensis FDH is a heterodimeric protein which contains two types of subunits (a, b). Plasma emission assay detected 0.4±0.1 Mo/molecule, 0.3±0.1 W/molecule, and 6±1 Fe/molecule. No heme c was detected when specific gel staining was performed and no heme is visible on the UV-vis spectrum. Pterin nucleotide analysis identified 1.3±0.1 guanine monophosphate derivative, which suggests a di-pterin coordination with the metal atom. The molecular properties evaluated for D. alaskensis FDH are similar to those of D. gigas FDH. This implies that the a-subunit contains the pterin cofactor and one iron-sulfur cluster whereas the b-subunit contains the remaining three iron-sulfur clusters, as in the D. gigas enzyme [8] .
D. alaskensis FDH is purified as two isoforms, each containing either molybdenum or tungsten. The two isoforms cannot be chromatographically separated, which suggests they have the same isoelectric point. The similar molecular properties evaluated for all the FDHs characterized in SRB indicate that they are closely related proteins, despite the different metal atom found at the pterin cofactor: Mo in D. desulfuricans, W in D. gigas, and both W and Mo in D. alaskensis.
Growth conditions and enzymatic properties
Preliminary studies of the effect of Mo and W concentrations upon the enzymatic activity of FDH produced by D. alaskensis have revealed that the addition of Mo, W, and Mo+W supplements did not influence the growth rate determined for the cultures. However, addition of W seems to induce a significant increase of biomass production when compared with cultures grown in the absence of metal supplements or in the presence of Mo. FDH activity assays on the abovementioned cultures revealed that addition of W (final concentration of 47 nM) resulted in significantly higher levels of FDH activity in the crude extract. This effect was not observed when W was added in combination with Mo, thus suggesting that, even though Mo and W can be used indiscriminately, there might be a competition process between the two metals. It seems plausible to speculate that there might be direct competition for the binding site for which Mo might have a higher affinity, even though it is catalytically less efficient than W. This is in line with the results obtained for the Mo and W forms of DMSO reductase from R. capsulatus strain H123 [21] . Further studies are currently being conducted in order to clarify these preliminary data.
EPR spectroscopy EPR spectra taken on the as-isolated enzyme (not shown) show the presence of one rhombic signal (g 1 =1.965, g 2 =1.987, g 3 =2.018) observable without significant broadening up to 120 K. Spin quantification of the EPR signal in the as-isolated form of this signal yielded less than 0.1 spin/molecule, which is compatible with Mo(V) and/or W(V) ions. EPR signals associated with Mo(V) and W(V) ions having g max >2 have been reported in a few Mo-and W-containing proteins [6, 13, 22] . These values may be associated with Mo(V) and/or W(V) ion sites coordinated by four thiolates from two pterin moieties and a Se-cysteine or a cysteine. Figure 1 shows variable-temperature EPR spectra taken in the 5-40 K temperature range for D. alaskensis FDH samples when reduced with excess dithionite. Both the g-values and the low temperatures for observing these signals suggest that they arise from reduced ironsulfur clusters of the type [4Fe-4S] + . The spectrum in Fig. 1a , which is associated with the iron-sulfur cluster named Fe/S I, appears at temperatures below 70 K and shows no significant broadening effects below 40 K. The simulation of this signal yielded the EPR parameters given in Table 1 . A second broader rhombic EPR signal overlapped with that of Fig. 1a appears around 25 K (Fig. 1b) . Simulation of this signal was achieved by adding in the same ratio the simulations identified as Fe/ S I and Fe/S II in Fig. 1 (EPR parameters in Table 1 ). The spectra below 15 K (Fig. 1c) show additional broad features overlapped with the signals of centers Fe/S I and II and must arise from the remaining iron-sulfur centers. The spectrum resulting from the difference between Fig. 1c and Fig. 1b (not shown) shows characteristics similar to that of Fe/S II, but broader. Spin quantification of the spectrum shown in Fig. 1c yielded 0.24 spin/Fe, which indicates that all the iron-sulfur clusters are completely reduced in the dithionite-reduced state. Spin quantification considering the protein concentration yielded a lower value (1.4 spin/molecule) than the expected one for a protein having 4·[4Fe-4S] centers with all the iron-sulfur clusters in their reduced form. However, this was expected because of the low value found for the iron content (6 Fe/molecule), which indicates that the protein loses some iron as in the closely related D. gigas enzyme [8] . Other minor signals overlapping the Fe/S signals, accounting for less than 0.1 spin/protein associated with Mo(V) and W(V) species, were not considered for the simulation of the spectra in Fig. 1 . Figure 2 shows two spectra taken in the 40-120 K temperature range. The spectrum at 100 K shows an EPR signal which is observed between 100 and 120 K without changes. The lineshape of this signal resembles the so-called slow-type signal, which is associated with Mo(V) ions in several Mo-containing hydroxylases of the xanthine oxidase family [1, 3] . Slow-type EPR signals present almost-axial symmetry with resonances split by a (Table 1) within the typical values found for Mo(V) species giving slow-type signals, and in particular they are identical to those found in the D. gigas AOR [23] . This suggests that the structural characteristics of the molybdenum site of D. alaskensis FDH are similar to the one found in D. gigas AOR [24] . The spectra below 70 K showed the emergent Fe/S I EPR signal described above together with another rhombic signal, with all the g-values lower than 2 (see Fig. 2b ). This signal has larger deviations from the freeelectron g-value and larger linewidth compared to the ones associated with Mo(V) species, pointing to tungsten in a d 1 configuration. The lack of observation of the hyperfine interaction with the 183 W nucleus (I=1/2, 14.4% natural abundance) may be due to the small intensity of this signal. However, this type of hyperfine splitting has not been observed in several other W proteins [2] . The broadening of the W(V) ion signal at $70 K is unusual for an ion in a d 1 configuration and suggests that the W(V) ion is magnetically coupled to another faster relaxing paramagnet. EPR studies performed on model systems suggest a correlation between the g av value and the number of thiolate ligands in oxotungsten(V) species [25] . According to this correlation, the W center in D. alaskensis FDH (g av =1.934) should be bound to four thiolates.
The EPR parameters obtained for the tungsten site suggest a bis-dithiolene coordination, as observed in other Mo-and W-containing proteins of the DMSO reductase family [3] . On the other hand, EPR parameters obtained for Mo(V) ions indicate a metal site coordination similar to the one observed in D. gigas AOR, where just one pterin molecule is linked to the molybdenum atom. The pterin cofactor of the proteins belonging to the DMSO reductase family shows a coordination geometry that is highly flexible. Three structures have been reported for DMSO reductases, two from R. capsulatus [26, 27] and one from R. spheroides [28] . These structures showed that one of the pterin molecules can be partially or totally uncoordinated. Our EPR data suggest that the Mo site of D. alaskensis FDH is coordinated by only one pterin molecule. Therefore the Mo site in D. alaskensis FDH might have an analogous structure to the Mo AOR site from D. gigas, which would explain the striking similarity between the EPR spectra of both proteins.
Analysis of the magnetic interactions
As seen in Fig. 2 , the resonance lines of the Mo(V) ion signal are split at low temperatures, which indicates that Mo(V) ions are magnetically coupled to another paramagnetic center. The W and Mo signals are typical of mononuclear Mo(W) atoms in a d 1 configuration, which discards the possibility of a magnetic interaction between both metal ions. Therefore the splitting of the Mo(V) signal must arise from the iron-sulfur clusters.
Both dipolar and superexchange interactions have been suggested to be responsible for such couplings in metalloproteins. Dipolar couplings predict an anisotropic splitting that depends on the angle between the spin-spin distance and the external magnetic field, although a zero splitting at the principal g-values of the Mo(V) ion signal can be obtained at the ''trimagic'' angle [29] . In contrast, superexchange interactions between two anisotropic paramagnets predict an isotropic splitting with a magnitude of J (H ex =JS 1 S 2 ) when |J|<|DgbB|, where Dg is the difference between the effective g-values of both centers, b is the Bohr magneton, and B the external magnetic field. In the case we are considering where the resonances of one of the centers are split by hyperfine interactions with a species with nuclear spin (I=1/2), it is straightforward to show that this condition is |J|<|DgbB±½A|, where A is the hyperfine parameter. Furthermore, magnetic interactions depend on temperature when one of the species of the interacting pair has a relaxation rate (T 1 ) faster than the other one. This may produce an enhancement of the relaxation rate of the slowly relaxing paramagnetic center and/or a temperature dependence of the splitting of the resonance lines [30, 31, 32, 33] . Figure 3A shows that the Mo(V) resonances are fully split at temperatures below 50 K, partially collapsed in the 55-80 K range, and fully collapsed at 100 K (no linewidth changes were observed above 100 K and below 50 K). The fully split spectra, for example the one shown in Fig. 2b , were accounted for by assuming an isotropic splitting of the Mo(V) resonances, which indicates that superexchange is the magnetic interaction operating between the interacting centers. Therefore, the (Fig. 3) were simulated by assuming a dimeric model composed of two interacting S=1/2 centers relaxing independently [20] , including in addition the hyperfine coupling with a nucleus of nuclear spin I=1/2 at one of the centers, both centers being magnetically coupled only by exchange interaction (Fig. 3) . The powder-like spectra were computed after obtaining the absorption spectrum of this system with parameters representing all the interactions, allowing for these to vary according to the dimer orientation with reference to the external magnetic field. In this model the relaxation times T 2 contribute only to the linewidth of the individual resonances of each paramagnetic center. A good agreement between experimental and simulated spectra was obtained using the relaxation times evaluated for Fe/S I (see below), the g-values for the Mo(V) ion given in Table 1 , and an exchange parameter J=1.2·10 )3 cm )1
. Figure 4 shows the temperature variation of the T 1 values associated with the Fe/S I center. The T 1 values were evaluated following a method described elsewhere [34] , which is applicable when the unbroadened spectrum shows at least one relatively well-defined peak of nearly gaussian shape, as is the case of the g 1 and g 3 resonances of the Fe/S I center. The difference between the relaxation times evaluated from both peaks varies by less than 6% and therefore the mean value was utilized to obtain Fig. 4 . These data were least-squares fitted assuming an Orbach mechanism [1/T 1 µexp()D/ kT) for D>>kT], where k is BoltzmannÕs constant and D=184±12 cm )1 is the energy of an excited electronic state [35] . This value is within the magnitude order reported for iron-sulfur clusters of the [4Fe-4S] type [36] .
The good agreement obtained between the experimental and simulated spectra indicates that the ironsulfur center identified as Fe/S I is the center that interacts magnetically with the molybdenum center and therefore is situated in the a-subunit of the protein. This suggests the existence of a suitably oriented chemical path connecting both centers. Although no splitting was detected at the W signal, this signal is not detectable above 70 K, which reveals an unusual relaxation behavior for the W(V) ions. This suggests that W(V) species are also likely to be magnetically coupled to the Fe/S I center. The relaxation times T 1 of the remaining Fe/S centers could not be evaluated because of the superposition of the spectra. However, the fact that these centers are not detected at temperatures above 30 K indicates that the associated T 1 are even lower than that of Fe/S I, and therefore unable of producing the changes observed at the Mo(V) ion signal.
Conclusions
The main goals of the present study can be focused on two aspects: the simultaneous detection of Mo and W and the assignment of the iron-sulfur center proximal to the pterin cofactor. The former constitutes one of the few examples of an enzyme of the vast members of the molybdo-and tungstoenzymes that can incorporate both metal atoms. The latter utilizes EPR together with a semiempirical model to analyze the magnetic interactions between paramagnetic centers. This model was demonstrated to be very useful to gain insight into the structural aspects of metalloproteins having exchangecoupled paramagnetic centers.
